1 Based on a total 5,735 hatched chicks from 73 trays of 90 eggs each. 2 Based on a total 133 embryos from 6 trays from each incubation temperature treatment. 3100 COLLINS ET AL.
INTRODUCTION
In fish, amphibians, and reptiles (lizards, turtles, and Crocodylidae), temperature-dependent sex determination (TSD) mechanisms exist, and in some circumstances, these mechanisms can override genetic mechanisms of sex determination (Shoemaker and Crews, 2009) . In birds, the ability to skew the offspring sex ratio based on incubation temperature is uncertain. Temperature-dependent sex determination has potential financial implications for the poultry industry especially with its probable ease of application by simply changing the incubation temperature (Halverson and Dvorak, 1993) . The ability of birds to bias sex based on temperature is uncertain because birds have heteromorphic sex chromosomes instead of homomorphic, which is thought to be necessary for TSD, and birds also have a narrow range of acceptable incubation temperatures compared with reptiles (Webb, 1987; Deeming and Ferguson, 1991; Janzen and Paukstis, 1991) . Deeming and Ferguson (1991) and Ferguson (1996) cited a Russian article (Shubina et al., 1972 ) that incubated chicken eggs at 37.5°C, and after 72 h of incubation, reduced the temperature to 22°C for 7 to 8 h. These authors reported that Shubina et al. (1972) hatched 150 males for every 100 females under this treatment regimen. Ferguson (1996) stated that pulsing chicken eggs with a high or low incubation temperature altered the embryo's sex with low mortality (<9% at 10 d of incubation). On d 3 of incubation (at Hamburger-Hamilton stage 18/19), he pulsed Rhode Island Red chicken eggs for 24 to 36 h at 22°C to produce more males and for 18 to 96 h at 36°C to produce more females. However, this is not peer-reviewed work and there are no other published reports that duplicate these findings.
Sex ratio skews have been documented in response to incubation temperature in Australian brush-turkeys (Göth and Booth, 2005) . During both artificial incubation (31, 36, or 34°C) and natural incubation in the soil/leaf mounds (range in temperatures 27-37.3°C) No evidence of temperature-dependent sex determination or sex-biased embryo mortality in the chicken ABSTRACT Skewing the sex ratio at hatch in commercial poultry would be economically beneficial to the poultry industry. The existence of temperature-dependent sex determination is uncertain in birds. This experiment investigated if incubation temperatures skew sex ratios of commercial broilers. Three incubators were each set at a hot (38.3°C), standard (37.5°C), or cool (36.7°C) single-stage incubation temperature one time over 3 trials to eliminate incubator effect as a Latin square design. Sex ratios of hatched chicks and dead embryos were monitored. In one trial, embryo weights were evaluated. The percentages of male hatched chicks did not differ based on incubation temperature (P = 0.4486; 49.5% in the hot treatment, 51.4% at standard temperature, and 49.8% in the cool treatment). The percent hatch of eggs set was lower in the hot treatment (83.6%) than the standard (93.5%) and cool (91.6%) treatments (P < 0.0001) with greater late embryonic mortality in the hot treatment (P < 0.0001); however, the sex ratio of dead embryos did not differ among treatments (P = 0.9863). Pooled data of embryo mortality found no sex-biased embryo mortality with a female/male sex ratio of 1.22:1 (χ 2 = 1.27; P = 0.2596).
Embryos from the hot treatment were heavier than those from the standard treatment by d 14 of incubation and were heavier than the embryos from the cool treatment by d 9 of incubation (P < 0.0001). These data indicate that incubation temperature affects embryonic mortality and embryonic growth rate, but it does not affect the sex ratio of broiler chickens. Additionally, no evidence was found for sex-biased embryo mortality in commercial broilers even at the incubation temperatures of this study.
maintained by the male brush-turkey, 77% males hatched at lower temperatures and 29% males hatched at higher temperatures with equal amounts (16/32) of both sexes at the intermediate temperature. Investigating the cause of these sex ratio differences, Eiby et al. (2008) repeated the artificial incubation experiments of Göth and Booth (2005) and sexed all chicks and dead embryos. They concluded that the reason for the sex skew was that the lower incubation temperature treatment had higher mortality rates for female embryos and the higher incubation temperature had higher mortality rates for male embryos, whereas the intermediate temperature had similar embryonic mortality for both sexes. This was the first report of temperature-dependent sex-biased embryo mortality in birds. Sex-biased embryo mortality has been found in chickens at standard incubation temperatures. Li et al. (2008) incubated 5 breeds of chickens at 37.5°C and reported a bias for greater female mortality during the first week of incubation. Previous studies with Rhode Island Red chickens also found that, as hatchability decreased, the percentage of males sexed at 8 wk posthatch increased (Hays, 1949; Spear, 1950, 1952; Hays, 1951 Hays, , 1952 .
In a Japanese quail experiment, Yılmaz et al. (2011) concluded that incubation temperature of a parent generation may alter the sex of the next generation, and that grandparent age may also play a role in offspring sex for birds. Japanese quail eggs from grandparents of 3 different ages (ranging 8-24 wk) were incubated at 5 different temperatures (ranging 36.7-38.7°C) and separately reared and bred. Eggs from these temperature-treated birds (15-18 wk old) were incubated at a standard temperature (37.7°C), and sex ratios for the resulting offspring (F 2 generation) were examined. Sex skews were observed only in the F 2 generation from the oldest age grandparents (22-24 wk). Eggs collected from the parents who were incubated at lower temperatures (36.7°C and 37.2°C) had 61.8 and 63.3% males at 6 wk posthatch. Eggs collected from parents who had themselves incubated at higher temperatures (37.7-38.7°C) had 42.86 and 44.87% males at 6 wk posthatch. Previous research with White Leghorns and Rhode Island Red chickens (Jull, 1932; Hays, 1954) has shown that the ability to skew offspring sex ratios is not an inherited trait. These studies bred White Leghorn and Rhode Island Red hens and cocks, noting the sex ratio of the family from which the parents hatched, and examined the sex ratio of the hatched chicks from these crosses.
The current study investigates whether incubation temperature can skew chicken sex ratios at hatch, cause embryonic mortality in a particular sex, or both, in a modern broiler strain.
MATERIALS AND METHODS
Three single-stage NatureForm NMC2000 incubators (Natureform Inc., Jacksonville, FL) were set to 1 of 3 temperatures (cool, standard, and hot). Over 3 trials, each machine was set at each of the temperature treatments once as a Latin square design. The treatments were set at starting temperatures of 36.7°C for the cool treatment, 37.5°C for the standard, and 38.3°C for the hot treatment. These temperatures were then gradually decreased (0.1-0.3°C per day of incubation) to 36.7°C by d 18 of incubation as a single stage profile based on the manufacturer instructions ( Table 1 ). The cool treatment maintained a constant temperature throughout the duration of incubation. On d 18 of incubation, the eggs were transferred to hatching baskets in 2 Natureform NMC2000 incubators at 36.7°C. Two trays (90 eggs per tray) of different temperature treatments were placed in a single 76.2 cm wide, 71.1 cm long, and 11.4 cm deep hatching basket with a divider placed in the middle of the hatching basket between the treatments. The treatments were randomly and equally interspersed throughout both hatchers. Relative humidity was set at 53% in the incubators and the hatchers. All incubators were calibrated before each trial. Single-stage temperature profiles were applied because the highest temperature occurs during early incubation. Past work indicates that the bipotential gonad of the chick begins to differentiate into either sex between 5 and 8 d of incubation (Romanoff, 1933 (Romanoff, , 1960 , and TSD acts on sex determination before the start of morphological sex differentiation in reptiles (Shoemaker and Crews, 2009 ). If TSD exists in chickens, manipulation of incubation temperature early in embryonic development (<8 d) would presumably have an effect on sex ratio.
Ross 708 hatching eggs were obtained from commercial broiler breeder flocks in all 3 trials. The eggs were collected from a 34-wk-old Ross 708 breeder flock in trial 1, a 38-wk-old Ross 708 flock in trial 2, and a 43-wk-old Ross 708 flock in trial 3. Half the eggs incubated in trial 2 were collected from a 36-wk-old Cobb 500 breeder flock. In trial 1, 9 trays of eggs (n = 810) were incubated for each temperature treatment. Eight trays of eggs (n = 720) per each treatment were incubated for trials 2 and 3. In trial 2, 4 trays were Ross 708 and 4 trays were Cobb 500 eggs.
The incubator door was opened to record eggshell temperatures along the bottom half of the egg for a , 4, 7, 9, 11, 14, 16 , and 18 (n = 6 Ross 708 eggs per treatment for each sample day). In trial 2, eggshell temperatures were taken with 4 eggs of each strain (n = 4, Cobb 500; and n = 4, Ross 708 eggs) per treatment on d 2, 5, 7, 9, 12, 14, and 16. In trial 3, eggshell temperatures were recorded for 8 Ross 708 eggs per treatment on d 4 to 18 of incubation. Only in trial 1, 3 eggs per treatment were opened, the embryo was removed, humanely euthanized by decapitation, and weighed on d 4, 7, 9, 11, 14, and 16 of incubation. After 21.5 d of incubation, the chicks were removed from the incubator and counted. The same professional vent sexer sexed all chicks from the 3 trials. The numbers of male and female chicks were recorded. Subsamples of each sex were necropsied to determine the accuracy of the vent sexer for each temperature treatment. A total of four hundred seventy-seven 14-d-old broilers (2 trays of hatched chicks per treatment) were necropsied to check the vent sexer's accuracy in trial 1; 60 hatched chicks were necropsied in trial 2; and 30 hatched chicks were necropsied in trial 3. For 2 trays for each of the 3 treatments, all embryonic mortality was sexed by gross necropsy or PCR. Sex can be determined by necropsy with the naked eye at hatch as male chicks have 2 visible testes and females have only a left ovary (Romanoff, 1933) . A residue breakout was done for all trays to determine fertility and embryonic mortality (Wilson, 2010) .
Tissue samples for PCR were taken from dead embryos that were unable to be sexed by necropsy. The earliest embryo age sampled was 24 h of incubation with an enlarged blastoderm. The DNA was extracted using the DNeasy Blood and Tissue Kit Spin Column Protocol for animal tissues (Qiagen, Germantown, MD). Primer sequences were designed by Haunshi et al. (2008) to amplify a 481-bp portion from the W chromosome from nucleotide positions 135-615 and a 256-bp portion of the 18S ribosomal gene from nucleotide positions 1267-1522. Primers were diluted to a 5 pm/µL concentration. The total 25 µL PCR reaction volume consisted of 1 µL of the SaC-Forward primer, SaC-F primer 5′ TAACACGCTTCACTCACA 3′, 1 µL of the SaC-Reverse primer, SaC-R primer 5′ ATGTTTGGA-CAGAGGTGC 3′, 1 µL of the 18S Ribosome-Forward primer, 18S R-F primer 5′ AGCTCTTTCTCGATTC-CGTG 3′, and 1 µL of the 18 S Ribosome-Reverse primer, 18S R-R primer 5′ GGGTAGACACAAGCT-GAGCC 3′, 12.5 µL of DreamTaq Green PCR Master Mix (Fermentas Life Sciences, Hanover, MD), 500 ng/ µL solution of extracted DNA when possible, and molecular biology grade water. Early dead samples had very low DNA concentrations (<20 ng/µL), and for these cases 8.5 µL of extracted DNA was added with no water. The DNA isolated from adult rooster and hen liver samples were used as sex-specific DNA controls. Samples were amplified in a Veriti 96 Well Fast Thermal Cycler (Applied Biosystems, Foster City, CA). Cycling parameters were 94°C for 2 min, 25 cycles of 94°C for 15 s, 54°C for 15 s, 72°C for 30 s, then 72°C for 7 min. The PCR products were visualized by gel electrophoresis using a 1% agarose gel stained with 5 µL Ethidium Bromide (Bio-Rad Laboratories Inc., Hercules, CA) and visualized with UV light. A 100-bp ladder (ready to use GeneRuler, Fermentas Life Sciences, Hanover, MD) was run to compare band lengths.
The normal distribution data were analyzed using the general linear model procedure of SAS (version 9.2) as a Latin square design to determine if the temperature treatment and the incubator affected the percent hatch of eggs set, percentages of embryonic mortality, and embryonic weights. The experimental unit was the tray (90 eggs per tray), so percentages were calculated for each tray. Sex percentages of hatched chicks and embryonic mortality were analyzed using the GLIM-MIX procedure of SAS to determine if incubation temperature affected male percentage. The data were analyzed as a binomial distribution for the number of males/the number of chicks in each tray. The data underwent a logit-transformation before the analysis, and a general Satterthwaite approximation was used for the denominator degrees of freedom. Both the incubator and trial were run as random effects. Any P-values less than 0.05 were regarded as significant. Significant differences were compared using Fisher's least significant difference.
RESULTS
The eggshell temperatures correctly mirrored each temperature treatment (Figures 1, 2, and 3 ). The hot treatment had a higher temperature than the standard, which had a higher temperature than the cool treatment in all trials. The standard temperatures did not differ between trials 2 and 3, but the standard temperature in trial 1 was 0.5°C higher. The cool temperature treatment was 0.3°C higher in trial 2, and trials 1 and 3 did not differ. Eggshell temperatures in the hot treatment were not different between trials 1 and 3, but were 0.8°C lower in trial 2 than the other trials. The high eggshell temperatures in trial 1 and 2 for the standard and cool treatment occurred in the same incubator and could be due to an incubator effect.
Percentages of hatched chicks that were male did not differ by temperature treatment (P = 0.4486, 49.5% in the hot treatment, 51.4% at standard temperature, and 49.8% in the cool treatment, Table 2 ). The vent sexer was found to be 99.6% accurate in trial 1 and 100% accurate in trials 2 and 3. Because only 60 and 30 chicks were necropsied in trials 2 and 3, these estimates to confirm the vent sexer's chick sex determinations are not as accurate as the 477 broiler necropsies in trial 1.
A total of 133 dead embryos were sexed to determine the embryonic mortality sex ratio from 2 trays per treatment in each trial. Overall, our sample of 133 dead embryos from the total 414 dead embryos across the trials is an adequate sample size. The overall percentage of dead male embryos was not different between the temperature treatments (P = 0.9863; hot 45.5%, standard 43.5%, cool 45.5%, Table 2 ). Because no treatment effect was found for sex percentages of dead embryos, if all embryo mortality data from each temperature treatment are pooled, these data can determine if any sex-biased embryo mortality occurred in this study. Analyzing the pooled data of 133 embryos as a χ 2 goodness-of-fit test compared with the expected 50:50 sex percentage does not indicate any sex-biased mortality with an embryonic mortality sex ratio (female/male) of 1.22:1 (χ 2 = 1.27; P = 0.2596). Out of the total 133 embryos sexed in this study, 50 embryos were early dead (d 0-7 of incubation) with a sex ratio of 0.92:1 (χ 2 = 0.08; P = 0.7773). The early dead em- 3 trials at a hot (38.3°C) , standard (37.5°C), and cool (36.7°C) incubation temperature treatment. Trial 2 eggshell temperatures were recorded on d 2, 5, 7, 9, 12, 14, and 16 (n = 4 Cobb 500 and n = 4 Ross 708 eggs per treatment). The decreased eggshell temperature on d 9 is due to a drop in temperature caused by candling eggs to check for fertility on that date.
bryos had a sufficient sample size with 50 early dead embryos out of a total 175 needing at least 43 embryos to detect a significant difference. Analyzing our late dead embryo mortalities (d 15-21 of incubation, n = 66), more female mortality occurred with a sex ratio of 1.75:1 (χ 2 = 4.91; P = 0.0267); however, analyzing all late mortality (late dead embryos, live and dead pips, and dead chicks; n = 79) no longer shows a female mortality bias at 1.55:1 (χ 2 = 3.66; P = 0.0558). The late dead mortality of 66 embryos is not a sufficient sample size, needing at least 85 to detect a significant difference out of a total of 190 late dead embryonic mortality, but our sample size of all late mortality (late dead, live and dead pips, and dead chicks) is a sufficient sample size.
The percent hatch of eggs set was lower in the hot treatment (83.6%) than the standard (93.5%) and cool (91.6%) temperature treatments (P < 0.0001). The hatch residue breakout showed a (P < 0.0001) higher percentage of late dead embryos in the hot treatment (7.9%) than the standard (1.4%) and cool (1.1%) incubation treatments, which did not differ from one another. The hot treatment also had a greater percentage of dead pips (P < 0.0001; hot 0.9%, standard 0.05%, and cool 0.2%) and dead chicks (P = 0.0014; hot 0.7%, standard 0.05%, and cool 0%) than the other treatments.
The analysis of the male chicks and male embryo sex percentages had similar results when run with trial or incubator as the random effect. The percent hatch of eggs set had no incubator differences in the least squares means comparison. All hatch residue breakout parameters had no incubator effect.
Embryo weights from trial 1 were different among the treatments (P < 0.0001; Figure 4 ) with the hot incubation treatment heavier than the cool treatment by d 9 of incubation and heavier than the standard treatment by d 14 of incubation. The standard treatment became heavier than the cool treatment by d 11 of incubation. Chick weights at hatch weighed as a tray (maximum 90 chicks per tray with 9 trays per treatment) were not different among incubation temperature treatments (P = 0.2564). Strain comparisons in trial 2 yielded no difference between the strains in eggshell temperatures, egg weights, percentage hatch of eggs set, or sex ratio differences. 
DISCUSSION
The incubation temperatures applied in this study are near the edge of plausible and applicable temperature ranges for commercial chicken incubation because lower temperatures delay hatches and higher temperatures increase mortality (Barott, 1937; Romanoff et al., 1938; Suarez et al., 1996; Willemsen et al., 2010) . The timing for sex determination of the bipotential gonad of the chick is thought to occur during the first week of incubation (Romanoff, 1960) . The temperature profile in this study applied the highest temperatures during early incubation. Even so, these data provide no evidence for temperature-dependent sex determination or sex-biased embryo mortality.
Our results agree with older research that reported chick sex ratios at hatch were near 50% males and 50% females, as expected of genetic sex determination (Jull, 1932; Hays, 1945) . These findings disagree with other studies that found sex skews in birds due to incubation temperature in Japanese quail and the Australian brush turkey (Göth and Booth, 2005; Eiby et al., 2008; Yılmaz et al., 2011) . The Australian brush turkey has homomorphic sex chromosomes, which may be the reason for temperature causing sex skews in this bird when compared with the heteromorphic sex chromosomes of chickens without incubation temperature causing sex skews (Deeming and Ferguson, 1991; Janzen and Paukstis, 1991) . Japanese quail are more closely related to chickens (both are in the family Phasianidae) and quail also have heteromorphic sex chromosomes (Shibusawa et al., 2001; Kayang et al., 2004) . The Japanese quail experiment found sex percentage skews of up to 23.6% more males due to incubation temperature only from temperature treated eggs of the oldest grandparent flock (22-24 wk old). Further work would need to evaluate if older broiler breeder flocks could produce a sex skew due to incubation temperature. The flock ages of our study (34, 36, 38 , and 43 wk) did not cause a difference in sex percentages between treatments.
Our study did not find any sex-biased mortality due to incubation temperature; however, previous studies have found higher female embryo mortality throughout incubation at standard incubation temperature in Rhode Island Red chickens (Hays, 1949; Spear, 1950, 1952; Hays, 1951 Hays, , 1952 . Wu et al. (2012) found greater female embryonic mortality throughout incubation in Hubei and Zhusi chickens but not in Aijiao, Xing-Xing, or Hy-line chickens. Our pooled data do not indicate any female-biased embryo mortality in Cobb 500 and Ross 708 broilers. Li et al. (2008) and Wu et al. (2012) found greater female mortality during the first week of incubation in Hubei, Zhusi, and Hyline Brown chickens at 37.5°C but not in Yellow or Aijiaohuang chickens. From our early embryonic mortality data, we did not find predominately more female embryo mortality during the first week of incubation. We conclude that commercial broilers do not experience sex-biased mortality even when incubated outside of optimum incubation temperatures. Future experiments could further investigate if only particular breeds of chickens experience sex-biased embryo mortality.
The higher temperatures of this study resulted in larger embryos, which agrees with past research (Henderson, 1930; Barott, 1937) . The lowered percent of eggs that hatched and higher embryonic mortality late in development in the hot treatment also agrees with past research finding that high eggshell temperatures reduces hatchability and increases the number of late dead embryos (Lourens, 2001; Willemsen et al., 2010) . These references state that eggshell temperatures above 39°C cause these effects, and in this study, we found decreased hatch and elevated late mortality with eggshell temperatures near 38.5°C.
In conclusion, within the temperature range and breeder flock ages of this study we found no evidence for temperature-dependent sex determination or sex-biased embryo mortality in broiler chickens. Additionally, the temperature ranges of this study had detrimental effects on embryonic growth rate and embryo mortality rates.
